The chlorophyll content can indicate the general health of vegetation, and can be estimated from hyperspectral data. The aim of this study is to estimate the chlorophyll content of mangroves at different stages of restoration in a coastal wetland in Quanzhou, China, using proximal hyperspectral remote sensing techniques. We determine the hyperspectral reflectance of leaves from two mangrove species, Kandelia candel and Aegiceras corniculatum, from short-term and long-term restoration areas with a portable spectroradiometer. We also measure the leaf chlorophyll content (SPAD value). We use partial-least-squares stepwise regression to determine the relationships between the spectral reflectance and the chlorophyll content of the leaves, and establish two models, a full-wave-band spectrum model and a red-edge position regression model, to estimate the chlorophyll content of the mangroves. The coefficients of determination for the red-edge position model and the full-wave-band model exceed 0.72 and 0.82, respectively. The inverted chlorophyll contents are estimated more accurately for the long-term restoration mangroves than for the short-term restoration mangroves. Our results indicate that hyperspectral data can be used to estimate the chlorophyll content of mangroves at different stages of restoration, and could possibly be adapted to estimate biochemical constituents in leaves.
Introduction
Mangroves grow along the edges of harbors and beaches in tropical and subtropical areas. As fixed "coastguards", mangroves have adapted to the harsh, oxygen-deficient, and highly saline conditions, and they play important roles in maintaining the ecological balance, stabilizing beaches and embankments, and purifying water [1, 2] . China's mangrove forests have been devastated since the beginning of the 1950s, when China began to reclaim land from the sea and deforest mangroves to farm fish and shrimp and build wharfs. By 1994, the total area of mangrove forests in China was less than 15,000 hm 2 , which was less than one-third of the area at the historical peak of mangrove resources [3] . In the past 20 years, the ecological functions of mangroves, and the need to manage and protect them, have gradually been recognized. China has implemented various projects to conserve and restore mangroves, and, with large-scale ecological restoration work under way, the area of mangrove forest is In this study, we monitored the hyperspectral values and chlorophyll contents of two species of mangroves during two phases of restoration, short-term and long-term. We use the red-edge position of each sample as the parameter variable, and build a model to estimate the relationship between the variable parameter and the chlorophyll content with simple linear regression. We establish a model of the relationship between the chlorophyll content and full-wave-band spectrum parameters with partial-least-squares (PLS) stepwise regression. We validate the accuracy of the two models. We also compare the new model with the mature red-edge position model to provide a reference for estimating the chlorophyll content of mangroves during different phases of restoration.
Study Area
The Quanzhou Bay Estuary (24 • 51 -24 • 58 N and 118 • 37 -118 • 43 E) is at the mouth of the Luoyang River and is a semi-enclosed shallow estuarine bay [45, 46] (Figure 1 ). In October 2003, a provincial-level nature reserve that covered a total area of 7039.56 hm 2 was established in the Quanzhou Bay estuary wetland mainly to protect the mangrove ecosystem, wetland waterfowl, and the habitat. The estuary has a southern subtropical marine monsoon climate and has an annual average temperature of 20.4 • C, annual precipitation of 1120 mm, and the soil salinity ranges from 3.5‰ to 28.9‰. The average high and low-tide levels are 4.83 and 0.31 m, respectively [46] . The Quanzhou Bay estuary has three native mangrove species, Aegiceras corniculatum, Kandelia candel, and Avicennia marina, which form pure stands that extend over a large area [45] . Aegiceras corniculatum and Kandelia candel are widely used in coastal wetland restoration in this area. 
Materials and Methods

Experimental Design
We selected two areas in the nature reserve for our study as follows. A mangrove restoration area was established within the nature reserve in 2003. We chose this area, which now comprises mature mangrove stands, to represent long-term restoration mangroves in our study. The study area comprises another restoration area that was established in 2016 that contains stands of young mangroves, which we selected to examine short-term restoration mangroves. Both areas were planted with Kandelia candel and Aegiceras corniculatum. Kandelia candel is a salt-excluding mangrove species that does not have salt glands on the leaf surface. It isolates the matrix from salt water mainly by maintaining high negative pressure in the xylem. Aegiceras corniculatum is a salt-secreting mangrove species with salt glands on the leaf surface that secretes Na and Cl through its leaves to maintain the salt balance. We used leaves of the two mangrove species in the short-term and long-term restoration areas as the control. On 16 November 2017, we collected samples from the shore zone within the Quanzhou Bay estuary wetland nature reserve. The shore zone in the study area was regarded as a rectangle. We established 3 sampling lines in each study area, each with 60 sampling points ( Figure 2 ). The sampling points were at least 10 m apart, and 180 samples were collected for each type of leaf. The 180 samples were fully representative and met the requirements for the GRAMS IQ software without complicating the analysis. To ensure consistency in the test samples, we collected the second or third leaf on a branch. We used scissors to cut the sample leaves from the plants. The samples were packed in ice bags and transported to a nearby indoor laboratory where they were measured within 2 h. Two-thirds of the samples were used to construct the model and the remaining samples were used to validate it. 
Leaf Spectrometry
The reflectance spectra of leaves were recorded by an ASD FieldSpec 4 (Analytical Spectral Devices, Inc., Longmont, CO, USA) portable ground object spectrometer. A plant contact probe and leaf clip were used with the spectrometer optical fiber to obtain detailed measurements of the leaf surface ( Figure 3 ). The leaf clip had a double-sided rotatable background plate, a black reference board for measuring leaf reflectivity, and a white reference board for calibration. The spectral parameters are given in Table 1 . The leaf was measured directly with an embedded light source (i.e., a built-in halogen lamp). The spectrometer was calibrated before and after measurement with the white reference board, which had a reflectance of 99% [47, 48] . The spectral reflectance was obtained by calibrating with the reference board. The spectral reflectance of multiple samples of each leaf type were measured, and 10 curves were drawn with time intervals of 0.1 s. The mean value was used as the spectral reflectance of the sample. For each leaf type, 180 samples were recorded. The spectrometer was calibrated with the white reference board every 15 min. 
Measurement of the Leaf Chlorophyll Content
Many studies have shown that the Soil and Plant Analyses Development (SPAD) value can accurately represent, and can be used instead of, the content of chlorophyll [49, 50] . Immediately after we measured the spectral signals of the leaves, we took SPAD readings with a Chlorophyll Meter SPAD-502 Plus (Konika-Minolta, Inc., Tokyo, Japan) (that gave relative values of between 0 and 100). Measurements were made at five points, namely the leaf tip, above the middle of the leaf, the middle of the leaf, below the middle of the leaf, and the leaf sheath, on the terminal leaflet of the leaf margin [51, 52] . We also measured these same leaf parts on each plant. The leaf was sandwiched in the measurement window of the chlorophyll meter, which had a measuring area of 2 mm by 3 mm, and, once stable, the instrument gave the SPAD value. The mean SPAD reading was calculated for each leaf. Measurements were recorded for 180 samples of each leaf type.
Statistical Analyses
Datasets were randomly divided into calibration and validation subsets. Two-thirds of the samples were used to construct the model and the remaining samples were used to validate the model. The full-wave-band spectrum and the red-edge position of each sample were selected as parameter variables. The full-band spectrum covers 2151 subsets between 350 and 2500 nm, and the red-edge area between 660 and 770 nm covers an optimal subset. We used the construction dataset to build estimation models of the relationship between the parameter variables and the SPAD value with PLS stepwise regression and simple linear regression, and then we tested the regression model with the validation dataset. The reflectance spectrum of the red-edge band (660-770 nm) of each sample was intercepted, and the one with the highest reflectance was selected as the variable for constructing the red-edge position model. The computational model derived from the PLS method for the inversion of the chlorophyll content using training samples can be expressed as
where SPAD is the inversion of the chlorophyll content; a 0 , a 1 , . . . , a n are regression coefficients; and b 1 , . . . , b n are new components calculated from PLS that are linear combinations of the reflectivity in each band. The weight of each component in each band can be used to express the coefficient of each band.
The coefficient of determination (R 2 ) and root-mean-square error (RMSE) were used to assess the predictive performance of the estimation models. The formula for the RMSE is
where n is the number of observations, y i is the measurement,ŷ is the observation, and i is the simulation label.
Results
Analysis of the Chlorophyll Content in Samples
We analyzed and compared the data for mangrove leaves from four different conditions. The SPAD values for the chlorophyll content of the short-term restoration of Kandelia candel were mainly between 54 and 88 SPAD, and were between 70 and 85 SPAD for 81% of the samples. The chlorophyll content of the long-term restoration of Kandelia candel were relatively uniformly distributed between 39 and 87 SPAD, with the distribution being relatively uniform. The chlorophyll content of the short-term restoration of Aegiceras corniculatum were mainly distributed between 45 and 74 SPAD, and 83% of the values were between 55 and 70 SPAD. The chlorophyll content of the long-term restoration of Aegiceras corniculatum were mainly between 43 and 68 SPAD, and 91% of the values were between 50 and 65 SPAD. From the average and trend line of the chlorophyll content (see Table 2 and Figure 4) , we conclude that the chlorophyll content decreases in the order of the short-term restoration of: Kandelia candel > long-term restoration of Kandelia candel > short-term restoration of Aegiceras corniculatum > long-term restoration of Aegiceras corniculatum. The chlorophyll contents of the short-term restoration mangroves were higher than those of the long-term restoration mangroves for both species. Note: SD is the standard deviation and the C.V (%) is the coefficient of variation. 
Comparison of the Spectral Properties of the Mangrove Leaves
The original spectral reflectances of the mangrove leaves ranged from 350 to 2500 nm, as shown in Figure 5 . The spectral reflectance curves of the different mangrove leaves coincided in the red light region (620-760 nm). The spectral reflectance curves of the mangrove leaves, both long-term and short-term restorations, show that the reflectance tended to be higher from Kandelia candel than Aegiceras corniculatum. This was particularly noticeable for the wavelengths between 760 and 1300 nm, where the reflectance of Kandelia candel was higher than 0.55 and that of Aegiceras corniculatum was lower than 0.55. The spectral reflectance of Kandelia candel is higher than that of Aegiceras corniculatum. The leaf spectral reflectance curves of long-term restoration and short-term restorations of Kandelia candel basically coincided, and there was no obvious difference between the spectral reflectances of the leaves from short-term and long-term restoration of the same species of mangrove. For Kandelia candel, the spectral reflectance from the short-term restoration mangrove was higher than that from the long-term restoration mangrove in most wavelength band regions, while for Aegiceras corniculatum, the spectral reflectance from the long-term restoration mangrove was higher than that from the short-term restoration mangrove in most wavelength band regions. Table S1 at the end of the article).
Model to Estimate the Chlorophyll Content
Red-Edge Position Model
At the red edge, the reflectivity rises sharply because of the intense absorption of vegetation in the red band and multiple scattering of near-infrared radiation within the leaf, resulting in a steep and almost-straight beveled edge. The edge is generally between 660 and 770 nm [53] [54] [55] . We investigated the relationship between the location of the red edge and the SPAD value from the spectral measurements and the SPAD values of the mangrove leaves. The chlorophyll content was predicted from a regression equation established between the red-edge position and the SPAD value. The accuracy of the red-edge position model worsened in the order of: long-term restoration of Kandelia candel > short-term restoration of Kandelia candel > long-term restoration of Aegiceras corniculatum > short-term restoration of Aegiceras corniculatum ( Figure 6 ). 
Full-Wave-Band Spectrum Model
Spectral data were first differentiated and reciprocated and then were imported into GRAMS IQ software. Fourier transform, normalization, and multivariate scatter correction were performed on the data with the GRAMS IQ software. From 350 to 2500 nm, the leaves from the four different conditions, corresponding to 2151 spectral units of chlorophyll content, were subjected to factor loading analysis. In Figure 7 , which shows the relationship between the spectral units that represented the chlorophyll content of mangrove leaves and the factor loading, we can see that correlations between the spectral representation of the chlorophyll content and the mangrove leaves were similar for the same species of leaf but contrasted for the different leaf species. The crests and troughs of the factor loadings for the mangrove leaves of the two species contrasted at spectral units of 700, 1400, and 1900 mm. This difference may be useful for classifying different mangrove species. We used PLS regression to get the best R 2 , and established a model to estimate the chlorophyll content. The full-wave-band spectrum model was more accurate than the red-edge position model. The accuracy of the full-wave-band spectrum model worsened in the order of: long-term restoration of Kandelia candel > short-term restoration of Kandelia candel > long-term restoration of Aegiceras corniculatum > short-term restoration of Aegiceras corniculatum (Figure 8 ). 
Verification of the Estimation Model
Sixty sets of sample data were used to validate the model. The R 2 and the RMSE values calculated with the sample data indicated that the accuracy of the full-wave-band spectrum estimation model was high (Figure 9 ). The coefficients of determination and RMSEs from the regression model for Kandelia candel from short-term and long-term restoration were 0.8137 and 0.9353, and 2.47 and 2.26, respectively, while the coefficients of determination and RMSEs for Aegiceras corniculatum under short-term and long-term restoration were 0.8296 and 0.8636, and 2.52 and 2.01, respectively. The red-edge position model, with an R 2 value greater than 0.7, was less accurate than the full-wave-band spectrum model (Figure 10 ). 
Discussion
The short-term restoration of Kandelia candel, long-term restoration of Kandelia candel, short-term restoration of Aegiceras corniculatum, and long-term restoration of Aegiceras corniculatum had average chlorophyll contents (represented by the SPAD values) of 75.7, 69.7, 62.9, and 56.6, respectively. The leaves from the short-term restoration mangroves had higher chlorophyll contents than those from the long-term restoration mangroves. The short-term restorations mangroves are often submerged in tidal waters and need more chlorophyll for photosynthesis to maintain normal physiological functions [15, 56] . Hyperspectral remote sensing can therefore be used to monitor the chlorophyll content of a single species of mangrove in different phases of restoration. When sampling the short-term restoration mangroves, we also found that Kandelia candel was more likely to survive in areas frequently submerged by the tide than Aegiceras corniculatum. Chen et al. also found that, of a range of mangrove species, Kandelia candel had the strongest ability to endure stress in mangrove plantations [57] . Of the short-term restoration mangroves, the average chlorophyll contents (SPAD values) were higher in the Kandelia candel than in the Aegiceras corniculatum. The higher chlorophyll contents of Kandelia candel reflect its stronger photosynthetic ability and stronger survivability, so it may be suitable for planting in coastal mangrove wetland restoration areas that either have a large tidal range or are submerged for long periods.
Kandelia candel leaves had a higher spectral reflectance than the Aegiceras corniculatum leaves, possibly because Kandelia candel is a salt-rejecting mangrove species with isobilateral leaves and no salt glands on the surface, and Aegiceras corniculatum is a salt-excluding species with dorsiventral leaves and salt glands on the surface [11, 58] . The chlorophyll content is directly related to the intensity of the vegetation photosynthesis and the vegetation vitality, variations in which are reflected in the spectral reflectance curve by the red-edge "red-shift" phenomenon [35, 53, 55] . In this study, the spectral reflectance curves of the four kinds of mangrove leaf coincided in the region of the red edge, and a red-shift did not occur. We can therefore assume that the vitality of both Kandelia candel and Aegiceras corniculatum was strong. Our results therefore confirm that, similar to what has been reported by other researchers, hyperspectral data can be used to estimate the chlorophyll content of, and differentiate between, different species [59, 60] . As the chlorophyll content is inverted across the whole band, the relationship between the chlorophyll content and the spectral reflectance basically converges for the same species of mangrove leaf but differs considerably for leaves from different mangrove species. Consistent with our finding for Aegiceras corniculatum, a salt-secreting species, Ajithkumar et al. found that, as the chlorophyll content in the same species of mangroves (these species were all salt-secreting plants) increased, the spectral reflectance decreased [61] . The spectral reflectance was lower in the short-term restoration mangroves than in the long-term restoration mangroves. However, the opposite was true for Kandelia candel (salt-rejecting plants), for which the spectral reflectance was higher in the short-term restoration mangroves than in the long-term restoration mangroves, perhaps because of variation between the leaf structures of different mangrove species. Flores-de-Santiago et al. found that the spectral reflectance from different species of mangroves varied because of their different chlorophyll contents [24] ; these between-species differences may be useful when classifying mangroves.
Both models achieved high estimation accuracy for the same species of mangrove leaves, but the chlorophyll contents estimated by the full-wave-band spectrum model were slightly higher than those from the red-edge position model ( Table 3 ). The inversion results for the chlorophyll content from the red-edge position model in this study were similar to those reported in 2015 by Heenkenda from his examination of the relationship between the observed and predicted chlorophyll values from the Rapid Creek mangrove forest in Darwin, Australia, using the red edge [7] . In 2016, Al-Naimi et al. used the Landsat 8 satellites to estimate the chlorophyll content of mangroves at Al-Khor, Qatar, with a model that had a maximum R 2 value of 0.6016 [62] . In this study, we improved the precision of the model for estimating the chlorophyll content of mangroves. Because the full-wave-band model uses all the band units as variables, it predicts the leaf chlorophyll content more accurately and consistently than the red-edge position model, which has only one variable [63] [64] [65] . The validation results further indicate that the full-wave-band spectrum estimation model is more accurate than the red-edge position model, the inversion accuracy of Kandelia candel was higher than that of Aegiceras corniculatum, and the RMSE of Aegiceras corniculatum exceeded 2.96, while that of Kandelia candel was less than 2.52. Hyperspectral analysis can therefore be used to retrieve the chlorophyll contents of Kandelia candel and Aegiceras corniculatum. We found that, when we used the same model to estimate the chlorophyll content of leaves from the same species, the estimates were less accurate for the short-term restoration leaves than for the long-term restoration leaves. The differences among the samples may reflect the frequent flooding of the short-term restoration mangroves, the different distances of the sampling points from the shore, slight variation in the flooding times, and the different degrees of change in the cell structures of the leaves [15, 56] . 
Conclusions
We examine the relationship between the chlorophyll content and spectral reflectance of mangrove leaves from four different conditions (i.e., leaves from two mangrove species from short-term and long-term restoration areas) using the red-edge position and hyperspectral full-wave-band spectrum as the variable parameters, and establish an optimal model for estimating the chlorophyll content of mangrove leaves.
The spectral reflectance from the mangrove species differ, and the reflectance of Kandelia candel is higher than that of Aegiceras corniculatum. For the same mangrove species, the spectral reflectance curves are similar at different stages of restoration. Different species of mangroves can be identified by converting the spectrum of hyperspectral data. In the same mangrove species, the chlorophyll contents varies during different restoration stages. We can therefore use the estimates of the chlorophyll content from hyperspectral data to differentiate between stages of restoration.
We establish an empirical model to estimate the chlorophyll content with the red-edge position as the independent variable and achieve a high estimation accuracy. The coefficients of determination of the red-edge position model are 0.7884, 0.8237, 0.7292, and 0.7319 for the short-term restoration of Kandelia candel, the long-term restoration of Kandelia candel, the short-term restoration of Aegiceras corniculatum, and the long-term restoration of Aegiceras corniculatum, respectively. These values indicate a good correlation between the red-edge position and the chlorophyll content of mangroves. The full-wave-band spectrum model has coefficients of determination of 0.8426, 0.9321, 0.8203, and 0.8386 for the short-term restoration of Kandelia candel, the long-term restoration of Kandelia candel, the short-term restoration of Aegiceras corniculatum, and the long-term restoration of Aegiceras corniculatum, respectively, all of which are higher than the corresponding values for the red-edge position model. The full-wave-band spectrum model therefore gives better estimates of the chlorophyll content of mangrove leaves than the red-edge position model. Our results show that hyperspectral data can be used to estimate the chlorophyll content of mangroves in different phases of restoration.
We analyze the reflectance spectra and chlorophyll contents of mangroves from two stages of restoration (i.e., short-term and long-term restoration) and establish models that can be used to estimate the chlorophyll content in the study area. The estimates can be used as a reference for the chlorophyll content in other mangroves. However, to help us understand the universal significance of this theory, the correlation between the reflectance spectrum data and the chlorophyll content of mangroves at different stages of restoration stage needs to be studied further. We also need further monitoring of mangroves in different restoration stages.
